Nucleosomes cover most of the genome and are thought to be displaced by 17 transcription factors (TFs) in regions that direct gene expression. However, the modes 18 of interaction between TFs and nucleosomal DNA remain largely unknown. Here, we 19 use nucleosome consecutive affinity-purification systematic evolution of ligands by 20 exponential enrichment (NCAP-SELEX) to systematically explore interactions between 21 the nucleosome and 220 TFs representing diverse structural families. Consistently with 22 earlier observations, we find that the vast majority of TFs have less access to 23 nucleosomal DNA than to free DNA. The motifs recovered from TFs bound to 24 nucleosomal and free DNA are generally similar; however, steric hindrance and 25 scaffolding by the nucleosome result in specific positioning and orientation of the motifs.
INTRODUCTION
) are first loaded onto the DNA ligands (Extended Data Fig. 1c, d) in 384-well 85 microplates by decreasing the salt concentration in a stepwise fashion (see Methods and sites on DNA by promoting spatial proximity of DNA sites that are located more distally on 159 free DNA. 160 Nucleosome context breaks the rotational symmetry of DNA 161 As DNA is double-stranded, TFs can bind to it in two different orientations. For TFs 162 that bind non-palindromic sites, their binding orientation can be determined from the bound 163 sequences. In analysis of motif matches on lig200, we noted that some TFs' motifs displayed 164 a bias of matches in one orientation at the 5' end, and in the other orientation at the 3' end of 165 the ligand. That is, these TFs have a preferred orientation relative to the nucleosome. We 166 systematically examined this asymmetric effect between binding orientations by comparing 167 the strand-wise distributions of top 8-mers ( Fig. 3d, Extended Data Fig. 3a , see also 168 Methods for details). 169 Both the extent of the orientational asymmetry and the associated p-value ( Fig. 3d ) 170 revealed that many ETS factors displayed strong orientational preferences. ELF2 is shown in Fig. 3c ). The orientational asymmetry induced by the nucleosome can be 175 explained by the fact that DNA is rotationally pseudosymmetric, and this symmetry is broken 176 by the presence of the nucleosome (Extended Data Fig. 3d ), leading to a different local 177 environment for a TF bound at the same position of DNA in opposite orientations (Fig. 3e , 178 red and yellow ovals). Depending on its orientation, a particular side of a TF will be in 179 proximity with either the second gyre of nucleosomal DNA, or the histone proteins. 180 The distributions of motif matches in the two strands were symmetric with regard to 181 the dyad position of the nucleosome. This, in turn, is a consequence of the pseudo 2-fold 182 symmetry of the nucleosome; two binding sites in different orientations will share an 183 identical configuration when they locate at opposite sides of the dyad, and have an equal 184 distance to the dyad (Fig. 3e , models in the lower panel). 185 To determine whether the directional binding of TFs to a nucleosome is also observed 186 in vivo, we performed MNase digestion followed by paired-end sequencing for the human 187 colorectal cancer cell line LoVo. We then visualized the distribution of MNase fragments 188 around directional ELF2 motif matches within ELF2 ChIP-seq peaks from Yan et al. 37 (Fig.   189 3f). As described previously 45 , this visualization reveals nucleosomes near the TF sites due to 190 enrichment of fragments whose size corresponds to a single nucleosome. The footprint of the 191 TF is also seen as a V-shaped line having lower signal intensity (arrowheads in Fig. 3f ). This 192 analysis shows that both the nucleosome distribution and the TF footprint size are 193 asymmetric with respect to the ELF2 sites. For the specified motif direction, the footprint of 194 ELF2 is more distinct downstream of the nucleosome than upstream of it. This implies a 195 more stable binding of ELF2 downstream of the nucleosome, which is in accordance with the 196 motif match analysis from the ELF2 NCAP-SELEX data (Fig. 3e) . The MNase analysis also 197 indicated that nucleosome occupancy is lower upstream than that downstream of ELF2 sites. 198 This pattern suggests that the more stable binding of ELF2 downstream of the nucleosome 199 displaces the nucleosome or pushes it upstream. Similar to ELF2, the binding profile of ELF1 200 is also asymmetric with regard to nucleosome both in SELEX and in vivo (Extended Data 201 Fig. 3e ). 202 Nucleosome induces positional preference to TF binding 203 We next analyzed the positional preference of TF binding on nucleosomal DNA using 204 the short lig147 ligand. Because its 147-bp length exactly matches the preferred length of 205 nucleosomal DNA, the nucleosome is expected to be uniquely positioned at the center of 206 lig147. Therefore, the relative positioning of the TFs with respect to the nucleosome can be 207 inferred at a higher resolution than using lig200. To determine the positional preference, we 208 first checked whether TFs' motifs on nucleosomal DNA are different from their motifs on 209 free DNA. For this purpose, we compared the most enriched 9-mer sequences for each TF, 210 between its lig147 libraries enriched either in the presence and absence of the nucleosome 211 (Extended Data Fig. 4a ). The result shows that most TFs bind to similar 9-mers under both 212 conditions, suggesting that TFs are binding nucleosomal DNA without significant specificity 213 changes. However, consistent with earlier observations 26 , we also found few cases where the 214 binding specificities of the TFs were detectably different on nucleosomal DNA (Extended 215 Data Fig. 4b ). 216 Analysis of TF binding to lig147 revealed several types of positional preference ( Fig.   217 4a), which we classified into three major classes ( Fig. 4a): (1) End binders; these TFs tend to 218 prefer positions towards the end of the ligand. All tested bZIP factors belong to this class 219 ( Fig. 4b) , e.g., CEBPB ( Fig. 4c, Extended Data Fig. 5a ). This preference might be 220 explained by the "breathing", i.e. the spontaneous partial detachment of nucleosomal 221 DNA 1,46,47 , which occurs more frequently towards the entry and exit of nucleosomal DNA 222 ( Fig. 4d). (2) Periodic binders; these TFs tend to bind periodic positions on nucleosomal 223 DNA. This periodicity is likely induced by the contacts of histones to DNA at 10-bp 224 intervals. (3) Dyad binders; these TFs prefer to bind nucleosomal DNA near the dyad 225 position. In addition to these three classes, we also identified a "mixed" class ( Fig. 4a) where 226 TFs show E-MI diagonal characteristics of both the end binder and the periodic binder class.
227
TFs behaved consistently for lig147 and lig200 according to the binder classification 228 (Extended Data Fig. 5b ). Compared to the end binders, the periodic binders and dyad 229 binders displayed deeper penetration of E-MI signals into the center of the ligands (Extended 230 Data Fig. 5b) ; they are thus more capable to bind nucleosomal DNA.
231
Binding at the outward-facing side of the DNA helix 232 Half of the circumference of nucleosomal DNA is in close proximity of the histones.
233
As DNA is helical, equivalent positions that could be accessible to TFs are thus located at 234 ~10 bp intervals. Accordingly, we found that many TFs prefer to bind to positions located 235 ~10 bp apart on nucleosomal DNA (Fig. 4a , periodic binders). We studied this effect using 236 the lig147 libraries. By applying a Fast Fourier Transform (FFT) to the E-MI diagonals, we 237 obtained the strength and phase of the ~10 bp periodicity for the TFs (Fig. 5a ). The result 238 shows that the overall periodicity of E-MI is stronger for the NCAP-SELEX library 239 compared to the free-DNA HT-SELEX library (Fig. 5a, bottom) . Due to the binding 240 specificity of nucleosome, an increased periodicity was also observed with the counts of 241 dinucleotides (e.g. TA) along the ligand (Extended Data Fig. 6a ). TA-enriched positions on 242 nucleosomal DNA correspond to positions where histones contact DNA 4,42 , which are also 243 positions where the DNA major groove is facing towards the solvent. The periodicity of TA 244 for all experiments had a similar phase (Extended Data Fig. 6a ), suggesting that in NCAP-245 SELEX, the nucleosomes reconstituted for all TFs shared a similar rotational position on the 246 DNA ligand. In contrast, the phase of the E-MI periodicity is much more dispersed (Fig. 5a) . 247 This dispersion is consistent with the preference of TFs towards the minor and major grooves 248 of DNA (Fig. 5b, c) . 249 For example, PITX and EOMES prefer almost opposite phases of nucleosomal DNA 250 ( Fig. 5a) , respectively in phase and out of phase with the TA dinucleotide ( Fig. 5b, c ; the 251 heatmaps). Consistently, the structural analysis indicated their different groove preference: 252 PITX contacts DNA principally by insertions into the major groove (structure in Fig. 5b ) 48 , 253 whereas the T-box TFs principally contact DNA via the minor groove (structure in Fig. 5c ; 254 see also the references 49,50 ). Because the E-MI measure detects the most enriched 3-mer pairs, 255 high E-MI signal usually occurs at positions that correspond to direct TF amino-acid to DNA 256 contacts. Thus, TFs that bind to the major groove tend to show E-MI maximums in phase 257 with TA, and TFs that bind to the minor groove commonly display E-MI maximums out of To determine whether TF binding affects the stability of the nucleosome, we 287 performed an additional affinity capture step to separate the nucleosome-bound and 288 dissociated DNA (unbound) after the last NCAP-SELEX cycle ( Fig. 1a; lig147) . As a control 289 experiment, we also allowed the last-cycle nucleosome to dissociate without the presence of Fig. 7a and Extended Data Fig. 8a ). We found that most TFs (e.g. CDX1) have stronger E-297 MI in the unbound library compared to that of the bound library ( Fig. 7a, b ), suggesting that 298 they can facilitate nucleosome dissociation upon binding. However, we also identified a few 299 exceptional TFs whose binding stabilized the nucleosome. These include the T-box TFs, such 300 as TBX2. All three TBX2 replicates had higher E-MI in the bound library ( Fig. 7b) . 301 We also found several cases where different binding modes of the same TF could 302 dissociate nucleosome with a different efficiency (Extended Data Fig. 8b) . Moreover, many 303 TFs' efficiency to dissociate nucleosome depended on the position of binding. In general, we 304 observed that binding events close to the center of nucleosomal DNA more efficiently 305 dissociated the nucleosome ( Fig. 7a and Extended Data Fig. 8a) . Interestingly, some TFs 306 could both stabilize and destabilize nucleosome in a position-dependent way. Most of them 307 tend to facilitate the dissociation of nucleosome when bound close to the center of the 308 nucleosomal DNA, and stabilize the nucleosome when bound to the ends ( Fig. 7a, brackets) . 309 It is possible that TFs bound close to the ends could decrease the DNA flexibility there and 310 subsequently disfavor the dissociation of DNA ends from the histones, which in turn 311 contributes to nucleosome stability. More specifically, some ETS members decrease in their 312 efficiency to dissociate nucleosome or even stabilize nucleosome when they bind very close 313 to the dyad (e.g. the ETV factors and ERG, asterisks in Fig. 7a , see also Fig. 7c ).
314

DISCUSSION
315
It is well established that TFs compete with nucleosomes for available genomic DNA 316 sequences, and that this competition has a major influence on gene expression. Although the 317 DNA binding specificities of many TFs and the nucleosome itself are relatively well 318 characterized 38,42,43,53-60 , there is little information on how the nucleosome affects TF binding.
319
In this study, we developed a new method, NCAP-SELEX, for analysis of nucleosome-TF 320 interactions and systematically examined 220 TFs' binding preference on nucleosomal DNA.
321
To identify the binding patterns, we used a mutual-information-based method that can detect 322 enrichment of any sequence pattern along the nucleosomal DNA. This analysis, combined 323 with motif matching, identified five major interaction patterns between TFs and the 324 nucleosome ( Fig. 7d) . The interaction modes include (1) binding spanning both of the two 325 gyres of nucleosomal DNA; (2) orientational preference; (3) end preference; (4) periodic 326 binding; and (5) preferential binding to the dyad region of nucleosomal DNA. Together, these 327 findings reveal a rich landscape of interactions between the two key regulators of genome 328 structure and function-the nucleosome and the sequence-specific DNA binding proteins.
329
Nucleosomes mask interaction surfaces on DNA
330
Our results confirmed the previous view 18 that the nucleosome inhibits binding of 331 almost all TFs to DNA. TFs and the nucleosome have long been considered to bind DNA in a 332 mutually exclusive fashion 30,61,62 . However, only in a few individual cases has this prediction 333 been validated using direct biochemical assays 19,63 . Here, we performed an NCAP-SELEX 334 experiment that analyzes TF-nucleosome interactions in the absence of higher order effects, 335 such as chromatin compaction, remodeling or histone modification, which may complicate 336 analysis of the in vivo TF-nucleosome interactions. We find that for almost all TFs, less 337 binding occurs in regions that have higher nucleosome occupancy ( Fig. 2a) . This result 338 directly verifies the inhibitory role of the nucleosome. In addition, we observed that although 339 differing in extent, most TFs prefer to bind nucleosomal DNA close to the entry and exit 340 positions ( Fig. 4a) . This positional preference is in line with the probability of spontaneous 341 dissociation (breathing) of nucleosomal DNA, which decreases from the end to the center 64-342 66 . Therefore, the end-binder class of TFs may only be able to bind to regions of DNA that are 343 dissociated from the nucleosome.
344
Wrapping of DNA around the nucleosome results in masking of one side of the DNA 345 helix, but leaves the other side accessible from solvent. Such masking results in a significant 346 accessibility change along each period (~10.2 bp) of the nucleosomal DNA. Therefore, the 347 nucleosome will directly sterically hinder TFs that bind to long motifs through a continuous 348 interaction with the major or minor groove. In particular, this could block the binding of the 349 C2H2 zinc fingers ( Fig. 4a , see also the references 26,54,55 ). In addition, strong steric hindrance 350 will block binding of proteins that radially cover more than 180° of the DNA circumference.
351
This may explain the observed end preference of, for example, the bZIP family and many 352 bHLH factors ( Fig. 4 , see also the references 26,67 ). Moreover, nucleosomal DNA is bent 353 relatively sharply, which could impair TF-DNA contacts if TFs have evolved to specifically 354 bind to free DNA. 355 However, we found that many TFs that bind to short motifs, or to discontinuous 356 motifs, are still able to bind to nucleosomal DNA in a periodic pattern that corresponds to the 357 helical periodicity of DNA. This periodicity was not observed on free DNA, indicating that 358 the occlusion of specific positions by the nucleosome still allows TFs to occupy the 359 remaining sites. Such periodic preference of binding has been reported previously for p53 and 360 the glucocorticoid receptor 68,69 , but the prevalence and biochemical basis of this phenomenon 361 was not clear.
362
Nucleosome leads to asymmetric binding of TFs
363
Our analysis identified many TFs such as ETS and CREB that have an orientational 364 preference to nucleosome when binding nucleosomal DNA. The asymmetry is also observed 365 for the MNase (Fig. 3f, Extended Data Fig. 3e ) and DNase I 70 profiles around their in vivo 366 binding sites. Such orientational preference is induced by the nucleosome, because the 367 nucleosomal environment breaks the rotational symmetry of DNA. Asymmetric chromatin 368 features have been extensively observed previously by many investigators. These include 369 signatures like nucleosome occupancy 71 , chromatin accessibility 70 , histone modification 71,72 , 370 and the nucleosome signatures 73,74 . As these features are a complex outcome of many active 371 and passive cellular processes, the origin of the observed polarity has been unclear. Our 372 results suggest that at least part of the observed asymmetry in chromatin features next to TF 373 binding sites or across nucleosomes is the direct result of the fact that TFs can interact with 374 the nucleosome in a preferred orientation. In addition, because many TFs, including 375 canonical homeodomains, recognize a near-palindromic site even when they bind DNA 376 asymmetrically, the orientational asymmetry is likely to be more pervasive than what was 377 detected in this study.
378
Nucleosome as a scaffold 379 The nucleosome has DNA wrapped around it and acts as a scaffold, facilitating In addition to the dual-gyre binding mode, we also identified several TFs that prefer 392 to bind at or near the dyad axis. These included RFX5 and five SOX TFs. The dyad region of 393 nucleosomal DNA differs from other nucleosomal DNA in three respects. First, the dyad 394 region contains only a single DNA gyre and thus has a lower steric barrier for binding. 395 Second, the histone disk of the nucleosome is thinnest near the dyad; this further reduces the 396 steric barrier, and also allows TFs to deform the dyad DNA more easily due to a weaker 397 interaction with histones; the higher deformability likely accounts for the dyad preference of 398 SOXs, which bend DNA upon binding. Third, the entry and exit of nucleosomal DNA are 399 also close to the dyad; together with the dyad DNA, they provide a scaffold for specific 400 configurations of TFs. FoxA has been suggested to make use of this scaffold to achieve 401 highly specific positioning close to the dyad 20,78 ; this binding mode mimics that of the linker 402 histones H1 and H5 79 . However, the dyad positioning of FoxA is not observed in this study 403 using eDBD, potentially because the full length of FoxA is required for its interaction with 404 the nucleosome 21 . 405 Available sites on histones also contribute to part of the nucleosome scaffold. Many 406 proteins bind nucleosomal DNA by contacting both the nucleosomal DNA and the histones, 407 as evidenced for the chromatin remodelers and histone modifiers 51,80,81 . The additional 408 contact with histones will allow proteins to bind nucleosomal DNA with a higher affinity 409 than free DNA, and could also lead to functional histone distortions upon binding 82 . Further binding to free DNA. For example, the transcription factor T has its normal binding mode 431 inhibited by nucleosome occupancy (Fig. 3a, Extended Data Fig. 2a ). Nonetheless, its dual-432 gyre binding mode is only allowed on nucleosomal DNA. It is also possible that we did not 
END NOTES
691
Supplementary Information is linked to the online version of the paper. and equidistant from the dyad, their chemical environment for binding will be identical due to 770 the rotational symmetry of the nucleosome (with respect to the dyad axis), e.g., the magenta 771 TF in the left model has the same chemical environment as the yellow TF in the right model.
772
As a result, the motif densities on two DNA strands are different but symmetric to each other Fig. 1a, b) . 852 Table 2 ). The adapter 864 lengths were 24 bp at the left side and 22 bp at the right side. The total lengths of the ligands 865 are 147 bp for lig147, and 200 bp for lig200, with 101 bp and 154 bp in random, respectively.
Clones, protein expression and purification for TFs
866
The single-stranded oligos of lig147 and lig200 were purchased from IDT (Ultramer DNA 867 oligos). A PCR reaction with primers binding to the adapters (Supplementary Table 2 , 868 PCR_primers) was used to obtain double-stranded DNA from the synthetic oligos, and was 869 also used to amplify the libraries between SELEX cycles. For sequencing, the ligands were 870 amplified with the multiplexing primers (Supplementary Table 2, PE_PCR_primers) .
871
In SELEX, first, double-stranded DNA ligand and tagged histone octamer were mixed were sequenced as the unbound libraries. As a control, the cycle five nucleosome was also 898 allowed to dissociate in the absence of TFs; the bound library and the unbound library were 899 collected as described above.
900
As a control, HT-SELEX (SELEX using free DNA) with lig147 or with lig200 was 901 performed according to the previous protocol 54,55 with the same purified TF proteins as those 902 used in NCAP-SELEX.
903
The input amount of DNA will exhaust almost all possible 20-bp consecutive or 904 gapped subsequences. Such complexity well suffices the specificity studies of human TFs, 905 whose binding is associated with ~15 bits of infomation on average 55 . For nucleosome, the 906 complexity allows the study of optimal sequences around each histone-DNA contact, but 907 might not capture all the specificities as the nucleosome-favored or disfavored sequences may 908 include cooperation spanning a large length of DNA, e.g., the phased successive bending or 909 the rigidity of a long segment.
910
The NCAP-SELEX and HT-SELEX library for each TF contains hundreds of 911 thousands of unique reads. Under this sample size, if a TF is binding nucleosomal DNA 912 without restrictions, any non-random pattern of TF binding that has a biologically meaningful 913 effect size (as observed in our study) can only occur with an extremely small p-value.
914
Sequencing and pre-processing 915 The SELEX ligands amplified with multiplexing primers were purified with AMPure 916 beads (Beckman Coulter), and sequenced using Illumina Hiseq 2000 or Hiseq 4000, with >80 917 bp paired-end settings. Raw sequences were demultiplexed with bcl2fastq (v2.16.0.10). In 918 general hundreds of thousands of reads were obtained for each TF.
919
The R1 and R2 reads of paired-end sequencing were merged with PEAR 84 requiring 5 920 bp overlap at minimum. The merged sequences were discarded if their variable region length 921 is not the same as the ligand design. The obtained sequences were then trimmed for adaptor When comparing E-MI between the bound and the unbound libraries from cycle five, 954 only TFs with the 3×FLAG tag were considered.
955
Motif matching and PWM (positional weight matrix) generation 956 Motif matching for each TF was conducted using MOODS 86,87 with p-value set to 957 0.0001. The motifs used in matching were from our previous curations 54,55 . Motif hits from 958 both strands were combined unless indicated. When necessary, motifs from NCAP-SELEX 959 were generated using Autoseed 38,88 with multinomial of 1. Here C 5' and C 3' are counts of this 8-mer, respectively for the DNA-strands with their free 980 ends located at the 5' and the 3' (the other end is at the dyad where we divide). The count 981 ratio C 5' /C 3' in cycle r was normalized with the count ratio in cycle 0, taken the rth root to 982 account for the exponential enrichment in SELEX, and subsequently converted into energy 983 difference. The directional energy difference for each 8-mer was then averaged for the two 984 halves of the ligands, and the absolute value is used to represent the orientational asymmetry Orientational asymmetry of the TF is then represented by the mean of the 40 most enriched 8-988 mers' orientation asymmetry.
989
To rule out any potential orientational bias induced by the adaptors of the SELEX 990 ligands, we also calculated the orientation asymmetry values for 8-mers in the HT-SELEX 991 library. For each TF, the 8-mers used for its HT-SELEX library are the same 8-mers as used 992 for its NCAP-SELEX library. After obtaining the 8-mers' orientation asymmetry values for 993 both the NCAP-SELEX library and the HT-SELEX library of the TF, we used a one-tailed t-994 test to examine if the orientation asymmetry values in the NCAP-SELEX library are larger 995 than those in the same TF's HT-SELEX library, and obtained the p-value.
